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1.0 Program Objective and Approach

Military platform system performance is frequently limited by material capabilitics.
Often. viable material options exist, but conservativeness on the part of designcrs leads to
an involved, time consuming, and test intensive implementation cycle. Efforts such as the
Materials Engineering for Affordable New Systems (MEANS) initiative and the
Accelerated Insertion of Materials — Composites (AIM-C) programs sought to shorten the
duration and decrease the costs for the materials transition process. The development of a
design methodology based on high fidelity modeling with strategic experimentation is the
key to inserting new and innovative materials into aerospace applications. A hierarchy of
models for predicting behavior from the constituent level up to the structure level,
coupled with advanced statistical methods, will enable rapid and cost effective generation
of design allowables. Once this design methodology has been established. validated. and
instituted, the development of materials and processes that optimize performance and life
expectancy can facilitate advancements in aircraft design and operational limits.

Polymeric Matrix Composite (PMC) materials have provided great benefit to military
platforms, primarily in aerospace structures. High specific strength and stiffncss. multi-
directional property tailorability and corrosion resistance are among the many advantages
offered by these material systems. Over the last decade there has been an intensification
of effort in the development of higher temperature polymer matrix systems, spurred by a
well founded desire to exploit the structural efficiencies afforded by these materials in
applications that are closer to heat sources. Engine components and cxhaust washed
surfaces have traditionally been made from metallic and ceramic materials that may not
offer all of the varied benefits of composites.

The principal challenges confronting the implementation of High Temperature Polymer
Matrix Composites (HTPMC) include the development of polymer systems that arc
thermally stable at high temperatures, and the need to provide such materials with viable
processing characteristics. Nonetheless, recent advances suggest that application
temperatures up to 650°F and beyond may well be feasible. The major impediments to
rapid transition of these systems are, as with most advanced materials, the lack of an
analytical capability to predict key performance attributes in application environments of
interest and attendant uncertainty in key design parameters. The objective of the work
described in this report was to develop a materials qualification approach based on a
combinatorial multi-scale modeling and optimization methodology for reduced
qualification testing to obviate the need for exhaustive testing of HTPMCs in simulated
service environments during the materials qualification process.

The approach adopted was designed to enable a more efficient insertion of HTPMCs in
terms of time, cost, and performance, into Air Force systems. The approach involved
three major features:




e Incorporating polymer processing and degradation models into selective
micromechanic, mesomechanics, and laminate models to predict environmental
performance of polymer matrix composites.

e The use of high fidelity polymer material models to enable a minimum number of

strategic tests for materials characterization vs. the current “empirical”™ approach,
which is based on accumulating statistics from large test programs.

e Development of a model-based design methodology for composite materials,
which allows for populating the Design Allowables Database while maintaining
the fidelity of the current empirically based database.

e Development and application of new and more powerful experimental techniqucs
that yield fundamental material properties as a foundation of the design database

e Identification of efficient statistical analysis techniques that may relate
fundamental material structure attributes to variations in performance

These features can effect a reduction in the time and cost (and potentially a reduction in
structural weight) required for insertion of new polymer composites into critical Air
Force applications.

The basis of this MEANS approach is analyses with the proper level of fidelity coupled
with strategic/intelligent testing. Most analytical tools currently used in material
qualification ignore explicit phase representations and microstructural features of the
material. Features of the material response that can be readily described using the natural
primitive material variables (i.e. ones that acknowledge the appropriate scale) in concert
with high fidelity models can capture critical performance information not achievable
with cruder models. Methodologies that employ the lower fidelity models require a
significant number of experiments to statistically characterize the material, leading to
proportionate increases in the cost and time for insertion. The use of high fidelity modcls
enables the wvarious inputs for the materials qualification database, wherein
models/experiments at the various geometric scales can interact, to be assembled.

The three features of the approach as described above directly address the key
impediments in the current materials qualification methodology. Firstly. computer
models with the appropriate level of fidelity will substantially reduce the exhaustive
experimental testing and associated time required for qualification of new materials.
Secondly, tools and approaches can be targeted to provide the material supplicr with a
more efficient way to optimize the material for a particular application. It is believed that
implementation of this methodology will facilitate the achievement of the MEANS

objective of significantly reducing the testing (cost and time) required for insertion of

new materials into mission critical Air Force applications.

Recent focus on the development of polymer matrix materials for high temperature
applications has forced a new emphasis on analytical descriptions of material behavior,
particularly in terms of long-term durability in thermo-oXidative environments. In order
to foster efficient generation of a designer knowledge base, a multi-disciplinary research
team was assembled, with the central focus of maturing and integrating material models
and analysis tools to provide a reliable lifetime prediction of performance for HTPMCs.
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This Integrated Materials Design Team (IMDT) composed of The Pennsylvania State
University, Stevens Institute of Technology, Air Force Research Laboratory, and The
Boeing Company addressed aspects of structural integrity and durability of HTPMCs.
The ultimate goal of the program was to provide a predictive methodology that will allow
the elevated temperature performance of composite systems to be determined based on .
constituent properties and processing environment. The models, protocols and proccdures ‘
devised are believed to be sufficiently broad ranging to allow key performance metrics of
new systems to be predicted, without recourse to exhaustive materials coupon testing.

2.0 Engineering Focus Areas

Awards made under the MEANS 1l initiative were structured to provide benefit in
specific Engineering Focus Areas (EFA). The IMDT described above elected to direct
this initiative to Airframe Structures, though the models the models and methodologies
developed are believed to have equal applicability to HTPMCs in Propulsion Systems.
Achievement of the program goals was required effort in a number of Research
Concentration Areas, as follows:

i. Degradation Kinetics and Polymer Mechanics: As composite system durability
depends on the constituent (fiber and matrix) durability, considerable effort was
devoted to the modeling and characterization of resins and fibers under long-termn
environmental exposure

ii. Interface and Micromechanics: The fiber-matrix interface behavior is critical in
determining the composite behavior. The structure and properties of the fiber-
matrix interface region are a result of the composite manufacturing process and
were therefore investigated.

iii. Meso and Structural: The structure and distribution of the fiber phase has a
critical effect on composite performance and, perhaps more importantly, variation
in material attributes. It was therefore considered important to consider
reinforcement materials in a statistical sense to create a high fidelity
representation of the microstructure. The designers of air frames work on the
materials and life predictions at the structural (laminate) scale. Homogenization
approaches and effective long-term behavior prediction, including long-term
thermo-oxidative and visco-elastic behavior, were critical research focus areas for
this IMDT.

It is considered important that each of the IMDT members had significant expertise in
scveral of these research concentration areas which overlap and are interdisciplinary in
nature.

3.0 Team Members and Specific Roles

The IMDT members had specific experience and capability in lifetime prediction of
HTPMCs. Modeling initiatives that addressed critical issues relating to matrix
performance, fiber architecture variability and interface development were already
underway at program outset. In addition The Boeing Company provided thc potential for
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access to the AIM-C multi-scale modeling hierarchy, through which the pertinent modcls
could bc integrated. Boeing also provided critical access to the airframe dcsign
community and this allowed the model development and methodology implementation
initiatives to be guided from the perspective of established practice. The IMDT team
members and their roles are summarized below:

e AFRL/ML: Work at AFRL/ML was focused on modeling the mechanisms that
control the oxidative .and physical aging processes of PMCs. Fundamental
mechanisms of oxide growth were uncovered and the relative contributions from
free surface and crack assisted penetration of oxide layers were successfully
described. AFRL/ML led the Degradation Kinetics and Polymer Mechanics
activities.

e Stevens Institute of Technology: Stevens led an activity aimed at gencralizing the
degradation behavior of polymer matrix composites by integrating models that
described the three major mechanisms that drive age-related degradation of the
polymeric matrix composite materials. Stevens collaborated closely with
AFRL/ML on the kinetics and mechanics activity. Stevens also lcd the lamina
scale degradation modeling.

e Pennsylvania State University: Penn State developed rapid microstructurc
characterization techniques that allowed the impact of material variability,
resulting from prepreg process variation and subsequent component fabrication
effects, on structural performance to be determined. Penn state led the Meso and
Structural Mechanics Tasks as well and also collaborated with Stevens and AFRL
on integration of modeling iniatives.

e Boeing Corporation: The final critical element of the program team was The
Boeing Company, who provide guidance on selection of demonstration platforms
for developed models and brought accumulated experiences on model integration
in the DARPA AIM-C program to bear on the project.

Program award occurred on February 1 2005 as a grant to Pennsylvania State University
with subcontracts to Stevens Institute of Technology and The Boeing Company. The
former was negotiated relatively quickly, though contractual issues prevented full
participation of the Boeing Company until late in the first year of the program. Special
clauses had to be incorporated into the agreement relating to liability and data ¢xchange
and an exception to normal procedure was procured from upper Boeing management to
allow the work to be performed without imposition of the customary fee. While this
caused an unintended delay in Boeing’s participation significant progress on basic modcl
development was achieved and therefore subsequent interactions with the Boeing
Company were more beneficial.

The Air Force Research Laboratory was not a direct subcontractor to Penn Statc
University in this program, but was an integrated team member. Therefore progress due
to AFRL was included in this report and is submitted in fulfillment of their reporting
requirements.




4.0 Executive Summary

Thc program team collaborated on several model development and cxperimentation
initiatives as the project proceeded. However the first year of work was focuscd on
cstablishing the general foundations in the focus areas described in Section 3. Thercfore
this early phase of the work necessarily involved independent activity at the individual
research centers. As these elements of a design database development methodology wcre
assembled the program gradually migrated to the collaborative activities anticipated at
the beginning of the program.

The early program focus of AFRL/ML was in thrce principal areas i.c. characterization of
the anisotropy of oxidation and surface dependant oxidation of composites, weight loss
prediction and design of accelerated aging techniques. In the first year of the program
AFRL/ML used X-ray Photoelectron Spectroscopy to track oxidation layer depth in neat
polymer samples of AFR-PE-4 resin. By tracking either the oxygen or fluorine
concentration it was shown to be possible to achieve accurate corrclations with
experimental data. Further experiments carried out on G30-500/PMR 15 composites
showed that the rate of oxidation layer growth along the axis of fibers is much greater
than in the transverse direction and a weight loss prediction model that accounts for the
ratio of exposed fiber end surfaces to transverse surfaces was developed and shown to
accurately correlate with experimental data for a wide range of sample geometries. In the
first year, effort was also devoted to the identification and development of accelerated
aging techniques that would allow determination of long term oxidative degradation
effects to be achieved in timescales that are significantly shorter than anticipated platform
life. However temperature dependant aging mechanisms limit the usefulness of elevated
temperature aging. Elevated pressures were shown to increase degradation rates. and
acceleration techniques based on this expedient were further evaluated in Year 2.

In the second year of the program AFRL/ML performed three-dimensional oxidation
modeling by finite element analysis (FEA) on micromechanical representations of
unidirectional composite using the previously developed diffusion/reaction modcl for the
neat resin developed in Year 1 and a unit cell representation of thc composite.
Micromechanics models described the geometry of the constituents, volume fraction, and
orientation in the composite, while the models allowed multi-fiber and multi-ccll
simulations to be performed. Assuming idealized bonding of fiber and matrix through
the interphase, prediction of oxidation propagation along the fiber direction is less than
the experimentally observed extent of oxidation indicating that the diffusion of oxygen in
the fiber direction is not fully accounted for. Parametric studies, in which the diffusivity
of the interphase and fiber were varied, showed that the diffusivity of the interphase has
little effect on the effective unit cell diffusivity. This is due to the fact that the interphase
only makes up a tiny volume percentage of the unit cell. Furthermore, the diffusivity of
the fiber would have to be on the order of, or greater than. neat resin diffusivity to
significantly influence the effective unit cell diffusivity. Unfortunately, measurements of
the interphase diffusivity and the orthotropic diffusivity of the carbon fibers were not
accomplished. If the ratio of the transverse to axial oxidation growth is assumed to be
proportional to the ratio of thc transverse to axial diffusivity for unidirectional




composites, the study showed that the high rate of axial oxidation growth can not be
properly accounted for by considering diffusion of oxygen alone. Howcver. initial
modeling indicated that the differences between the axial and transverse diffusivities can
be accounted for by modeling the fiber/interphase/matrix debond that provides a pathway
for oxygen to propagate deeper into the composite. Experimental evidence showing that
the fiber/matrix debond propagates with the axial oxidation front was collected.

Durability and degradation mechanisms in composites are fundamentally influenced by
the fiber, matrix, and interphase regions that constitute the composite domain and thc
effects of these material features on thermo-oxidative stability were studied in detail,
primarily in a close collaboration between AFRL/ML and Stevens Institutc of
Technology. The thermo-oxidative behavior of the composite is significantly different
from that of the constituents as the composite microstructure introduces anisotropy in the
diffusion behavior as well as many fiber/matrix interphases/interfaces. Unidircctional
G30-500/PMR-15 composite specimens were aged at elevated temperatures in air
resulting in oxidation propagation parallel and perpendicular to the fibers as described
above. These experimental observations were compared with micro-structural based
kinetic models to evaluate the oxidation behavior of unidirectional composites. It was
determined that the interface has a dominant effect on the propagation of oxidativc
degradation. Quantification of the effect of fiber-matrix interface diffusivity on thc
effective composite diffusivity was attempted.

Since thc use temperature of HTPMCs is often near the glass transition temperature of the
material, the ability to accelerate aging by increasing the temperature is limited. The use
of pressure to accelerate the oxidative aging process is used in the aircraft engine
community based in part on the fact that engine parts experience elevated pressures
during use. Although the oxidation mechanisms in HTPMCs are not fully understood
some of the functional relationships that govern aging, can be determined. For example.
the acceleration of aging due to increased pressure would be a result of increased
transport of the oxygen to the interior of the specimen. The effect of elevated pressure on
the oxidation layer growth in neat resin PMR-15 samples was successfully modeled in
Year 2. Since the partial pressure of a gas is directly proportional to the total pressure at
which specimens are aged, and in general the solubility of gases increases with increasing
pressure, the boundary sorption would be expected to increase with increasing pressure.
A parametric study was conducted and it was found that for the sorption value, there is a
good correlation with the pressurized aging data for aging times up to 800 hours.
Validation of the constituent level response to elevated pressure provides confidence in
using the neat resin model in unit cell analysis to predict the lamina response to elevated
pressure.

In the concluding phase of the program AFRL/ML focused on monitoring of oxidation
induced fiber/matrix de-bond propagation. The oxidation process is generally limited by
the amount of oxygen that can diffuse into the material and react with the polymer, rather
than by the rate of reaction of oxygen with the polymer. The diffusion limited oxidation
behavior of polymer matrix composites is predominantly controlled by the properties of
the resin and the fiber-matrix interface and the total surface area through which the




oxygen can diffusc. Various factors may lead to the preferential oxidation along the fiber

paths. Resin cure shrinkage and mismatches in the coefficient of thermal expansion of

the fibers and matrix during the composite cure process give rise to localized
micromechanical residual stresses in the fiber-matrix interphase region. In the final year,
optical micrographs were taken on polished internal sections and viewced in the dark-ficld
mode to measure the degree, depth and distribution of thermal oxidation development
from external surfaces perpendicular and parallel to the fibers. It was shown that
altcrnative pathways for transport of oxygen into the interior of the composite werc
provided by fiber-matrix de-bonds that propagate with the oxidation front, with the
oxidation front consistently preceding the debond crack front. This finding emphasized
the importance of understanding the impact of fiber architecture on matrix crack
development. which was a primary focus at Penn State University.

Stevens Institute of Technology initiated an activity aimed at formulating a generalized
description of the degradation behavior of polymer matrix composites in Year 1, by
developing a model of the thermo-oxidative process for polymer systems, that
incorporated the effects of reaction rates, Fickian diffusion, time varying concentration
gradients, consumption of reactants (solid and gas phases), and weight loss from a system
under degradation. The model was shown to correlate well with experimental oxidation
layer growth at various exposure temperatures, and a sensitivity study was performed to
identify the parameters that have greatest effect on degradation system kinetics. The
model was incorporated into a finite element description of a representative element of a
fiber composite and the resultant simulations were shown to realistically represent the
impact of multiple phases on degradation processes. In close collaboration with
AFRL/ML, Stevens Institute of Technology extended the modeling activity in Year 2 to
consider creep deformation, in an analysis that attempted to couple thesc effccts with the
degradation modcling.

In the final year of the program Stevens Institute of Technology continued activity in two
main modeling thrust areas. First thrust area was the evolution of the framework needed
to simulate the orthotropic oxidation growth in fiber reinforced composites. At this staget
the thermo-oxidative behavior of the composite was shown to be significantly different
from that of the constituents as the composite microstructure, including the fiber/matrix
interphase/interface. introduces anisotropy in the diffusion and oxidation behavior. Unit
cell analyses were continued using three-dimensional finite element analysis of repeated
volume elements representing the fiber, matrix and interphase regions, and the previously
developed resin oxidation model. Parametric studies illustrating the anisotropy in the
oxidative region growth and the effect of fiber and interphase diffusivity on the oxidation
laycr growth were considered. It was suggested that fiber-matrix debonding could
provide additional diffusion paths to explain the extent of observed anisotropic oxidation
growth. The second thrust area focused on simulating the development of stresses and
deformations. Three-dimensional Galerkin finite element methods (GFEM) that model
the thermo-oxidative layer growth with time were used together with homogenization
techniques to analyze lamina-scale behavior using representative volume elemcnts
(RVEs). Thermo-oxidation-induced shrinkage was characterized from dimcnsional
changes observed during aging in inert (argon) and oxidative (air) environments.




Tempcrature-dependent macro-scale (bulk) mechanical testing and nano-indcntation
techniques were used for characterizing the effect of oxidative aging on modulus
evolution. The stress and deformation fields in a single ply unidirectional lamina wcre
studied using coupled oxidation evolution and non-linear elastic deformation analyses.
Deformation and stress states were determined as a function of the aging time. Whilc the
thermo-oxidative processes are controlled by diffusion phenomena in neat resin, the onset
and propagation of damage determines the oxidative response of an HTPMC.

In the first year of the program Penn State University used an automated image analysis
tool, developed under prior AFOSR funding, to from the basis of an Automated Finitc
Element grid generation code that facilitates the determination of fiber architecturc
influences on micro-crack generation. This predictive capability allowed the effects of
crack patterns on thermo oxidative degradation mechanisms to be determined and vicc
versa. Also in the first year Penn State began to evaluate a new Digital Image
Correlation (DIC) technique for application to the measurement of micro stress and strain
profiles in composites at various length scales and it was thought that this work would
provide for scale appropriate calibration of the predictive tools described above.
Statistical analysis techniques were also sought to allow the impact of normal material
variability on associated variance in critical design performance parameters to be
determined. Automated image analysis combined with advanced statistical techniqucs
was expected to provide a means of correlating material architectural features with test
data.

In Year 2 of the program Penn State University continued progress in the first two areas
mentioncd above i.e. automated structural analysis of composite microstructures and non
contact strain mapping using Digital Image Correlation. Initial work had shown that usc
of finite element grids based on Voronoi Cell Analyses to predict crack initiation and
propagation was limited by the fact that local grid configurations influenced the predicted
direction. An adaptive meshing algorithm was therefore developed that overcame this
problem. Software coded in the second year automatically refines and reorients the grid
in the region close to the crack tip so that crack propagation is seen to occur along planes
and directions suggested by strain energy release rate analyses. This development was
seen as very significant as it provided the final component of an FEA analysis tool suitc
that allows the effect of fiber architecture variations on damage development to be
determined in a completely automated fashion. While adaptive meshing techniqucs had
been developed in other programs, none were available that were uniquely suited to
efficient modeling of crack development and propagation mechanisms at this refincd
scale

In the second year of the program a number of technical problems were solved to allow
the DIC technique to be applied to mechanical testing of composites. For example the
method was successfully applied to provide the first known strain maps for composites
under load. These initial maps allowed the strain fields to be determined for length scales
on the order of those associated with fiber bundles or tows. In the later months of the
second vear DIC was further refined to allow measurement at the fundamental length
scale of the individual fiber.  This provided a critical check or calibration for the




Automated FEA (described above) as well as furnishing insight into stress redistribution
mechanisms around propagating cracks. This development is considered very significant
as it provides the capability to perform scale appropriate testing of composite materials to
determine fundamental material mechanisms associated with progressive failure.

In the final year of the program the capability of the Digital Image Correlation tool was
further enhanced by refining the grid generation scheme, on which the strain maps was
based, to allow for more accurate delineation between strain and stress patterns
developed within the fiber and resin phases. Versions developed in Years 1 and 2
provided strain maps that were essentially smeared across fibers and matrix. In the final
Year a scheme was developed that allowed the original grid to be placed exactly at the
fiber/matrix interface and this facility allowed the critical parameter of interface load
transfer to be studied at a level of detail hitherto impractical.

The automated FEA tool was further refined in the last year of the program and was used
to interrogate some of the stress and strain distributions measured using the Digital Image
Correlation technique. Broad agreement between measured and predicted patterns was
seen to exist, though some non-intuitive effects seen in the former were not successfully
represented. For instance, one surprising result from the DIC measurements suggested
that local compressive stresses could be generated in regions where the global stress was
tensile. While the broad variability in local stress generated by far field loads was seen in
the FEA analyses. the sense reversal was not predicted. It was suspected that this was
due to three dimensional and/or edge effects that were not captured in the 2.5 D FEA
analysis.

Also in the final year of the program Penn State University developed several
computational tools to allow the application of Multivariate Discriminant Analysis
(MVA) to the identification of statistical features in real fiber packing arrangements that
may influence variability in resultant structural (or other) performance. The fundamental
basis of this approach is the capture of a broad range of candidate packing factors, such
as fiber spacing, local fibcr volume fractions, material alignments etc., and attempt to
rclate them to each other (to uncover self consistent parameters or ‘factors”) and then to
some performance metric, such as propensity to micro-cracking. If the factors are then
seen to scale with some measureable quantity, such as crack density at a given load level,
a predictive capability results that allows variability to be predicted as a function of
architectural features. A software code was developed that allows automatic capture of
approximately 200 user defined packing factors. However full application of this method
was not achieved prior to contract expiry.

The involvement of the Boeing Company essentially remained the same throughout the
program duration. Periodically the Boeing Team was briefed on the progress of thc
model development activities and suggestions on future direction wcre routinely
provided. In the final Year of the program Boeing hosted a program review in the St.
Louis facility in November 2007, with a focus on assessment of the program activity and
recommendations for future work. A large amount of subcontracted funding (to Boeing)
remained unexpended and a no-cost extension was informally requestcd to allow
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completion of work assigned to Boeing. The no-cost extension could not be approved.
However the fecdback received at the St. Louis review provides a valuable template for
potential future programs. Senior technical staff at Boeing, with broad experience on
both airframe and engine programs, suggested that the modeling activities be expanded to
consider the effects residual stresses on degradation and thermo-oxidative stability. They
also pointed out that on prior programs, such as HSR/HSCT, interface phenomena were
seen to be of great importance and urged future focus on using the tools developed in the
MEANS 11 program to uncover the underlying effects.

In summary The MEANS I1 program has provided for the development of several tools
that, if fully integrated, could form the basis of a new materials implementation protocol
for high temperature systems. Comprehensive degradation models. allicd with
fundamental structural analyses and advanced statistical techniques could dramatically
reduce the need for time consuming and expensive test programs and accelerate materials
transition.

5.0  Accomplishments & Findings

Findings in the initial phase of the program were in the general areas of polymer
degradation characterization and modeling, incorporation into composite modeling and
prediction of microcrack patterns based on composite architecture, as described in the
following sections.

5.1 Fundamental Thermo-oxidative Mechanisms in Polymeric Materials

Early in the program an initiative was undertaken to uncover the fundamental thermo-
oxidative behavior of polymeric materials with a particular focus on high temperature
systems as applied in composites. The influence of fiber orientation on oxidation
propagation was studied in unidirectional laminates. A weight loss model was dcveloped
that described degradation as a function of characteristic specimen dimensions and aspcct
ratios. Since long exposure times are of particular interest in pertinent applications
accelerated aging was also considered in the early stages of the research.

5.1.1 Anisotropy of Oxidation /Surface Dependent Oxidation Rates

Unidirectional 16 ply G30-500/PMR-15 composite specimens were aged in air at 288°C
to monitor the oxidation propagation rates in both the axial direction (along the fiber) and
the transverse direction (transverse to the fibers). Specimens were removed from the
aging oven at specified times and a small cross-section of the specimen was cut off and
mounted in an epoxy plug for polishing. The original specimen was then placed back
into the oven until the next specified aging time. The 197-hour sample was found to
contain evidence of only minimal oxidation transverse to the fibers. but had distinct
oxidation development in the axial direction. Figure 1(a) shows an enhanced micrograph
that clearly distinguishes the white oxidized material from the black unoxidized material.

The oxidation layer appears as a frame around the composite specimen just as seen in




aged neat resin PMR-15 samples [1]. Quantification of the overall level of oxidation was
achieved by measuring the percentage of the specimen cross-sectional surface area that
was oxidized. Using the constructed enhanced micrograph image, a histogram of the
image was used to determine the ratio of white to black pixels and the ratio was uscd to
quantify the amount of surface area of the composite cross-section that has been oxidized.
Quantification of the oxidation area using this process is a 2D computation and does not
account for stochastic variations of the oxidized cross-section through the thickness of the
specimen.

Measurements of oxidation layer development were completed up to 2500 hrs of aging.
Figure 1(b) shows the results of specimen oxidation at 1200 hours. It appears that the
rate of oxidation growth in the axial direction is an order of magnitude greater than the
rate of oxidation growth in the transverse direction. Figure 1 clearly shows the
dominance of the axial oxidation degradation as compared to the transverse degradation
in composites which is attributed to the higher diffusivity in the fiber-matrix interphase
region. Thus, the presence of fibers accelerates the growth of the oxidized region along
their length.

(b)
Figure I Oxidation after (a) 197 hours and (b) 1,200 hours for unidirectional G30-
500/PMRO15 composite exposed at 288°C

5.1.2 Weight Loss Predictions

The preferential diffusion and oxidation along the fiber matrix interphase regions leads to
anisotropic oxidation in unidirectional composites. Likewise in woven cloth composites.
the oxidation progresses more rapidly in directions normal to exposed fiber ends. The
anisotropic nature of oxidation in high temperature polymer matrix composites has bcen
observed by numerous investigators including the earlier work of Nam and Seferis [2]
and Skontorp [3].

In this work 16 ply unidirectional G30-500 /PMR-15 composites with a Toho EPOI fiber
sizing were isothermally aged at 288°C. Three different specimen configurations were
chosen such that different surface area ratios of 3.3, 8.2, and 19.1 [i.e.. ratios of surface




area parallel to the fibers (transverse) to surface area perpendicular (axial) to the fibers]
were obtained while the overall surface areas of the three specimen geometries were all
approximately 800 mm?. A fourth specimen with a surface area ratio of 11.2 and a total
surface area of approximately 1500 mm” was also chosen. Table 1 gives the axial surfacc
area A ,., which is the surface normal to the exposed fiber ends, and the transverse surface

area A, , which is the surfacc transverse to the fiber axes for each of the four specimens.

Specimens were aged in lab air (2 specimcns for each configuration) at 288°C. Weight
loss and volumetric changes were monitored as a function of aging time to study the high
temperature anisotropic oxidation process.

Table 1. Specimen configurations

i 4, A, (mm*) A, (mm®) A, (mm®)
33 184.4 609.0 793.4
8.2 85.6 O 787.3
11.2 1281 1381.0 1504.1
19,1 40.5 773.8 814.4

A primary measure of the thermal oxidative stability of PMR-15 and other high
temperature composite materials is the percentage weight loss as a function of isothermal
aging time and temperature. In general, the relationship between weight loss and
property changes can be highly nonlinear and provides little measure of the spatial
variability of degradation within the specimen. The reliability of predictive methods
based on weight loss, in which small changes in weight can result in significant declines
in mechanical properties, is highly questionable. However, in the absence of methods to
predict end of life properties, weight loss is an accepted screening tool to compare the
thermal oxidative stability (TOS) of different materials.

Bowles et al. [4] considered three different rates of weight loss from three different types
of composite surfaces. The weight losses were expressed as weight-loss fluxes or weight
loss per unit surface area per unit of time. Composite weight loss was determined as
weight loss = At” + C where A4 is expressed as A = Sk, +S,k, + S.k,. In this expression:
S; = Area of un-machined resin-rich surface: S; = Area of surface cut parallel to fibers:
and S; = Area of surface cut perpendicular to fibers. Knowing A4 for the entire specimen,
k1. ka, ks can be determined from 3 specimens [4]. For his weight loss data, he found that
k) and k- are nearly equal which is what is assumed in Skontorp [3]. Although
represented as being constant, Bowles admits that the fluxes change with time and
concluded that short-term isothermal aging tests cannot be used to produce data for
predicting long-term degradation.

Skontorp [3] approximated the total isothermal aging weight loss Am,,, of a
unidirectional composite as
A A,
Aam,,,, (1) = Am (1) —2—+ Am, (1) —— (1

total total
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Figure 2 Weight loss parameters based on specimens with 3.3 and 8.2 surfacc arca
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where the total surface area 4,,, = 4, + A, . and the weight loss per unit of axial surface

total
area Am, and the weight loss per unit of transverse surface area Am, are empirically

determined parameters based on weight loss data from two specimens with different
ratios of A,/A, but with equivalent A This approximation has been shown to
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Figure 3 Wcight loss prediction for spccimens with 11.2 and 19.1 arca ratios based
on 3.3 and 8.2 area ratio specimen data




The weight loss per unit of axial surface area Am, and the weight loss per unit of
transverse surface area Am, were determined using data from specimens with transverse
to axial ratios of 3.3 and 8.2 as given in Table 1. As seen in Figure 2. whereas Am, is
linear. Am, is highly nonlinear and an order of magnitude greater than Am, for longer
aging times.

The prediction of the weight loss of the specimens with a 19.1 ratio of transverse to axial
surface area is shown in Figure 3 and found to be in good agreement with the
experimental weight loss data. Also in Figure 3 the weight loss for a fourth specimen
with a surface area ratio of 11.2 and a total surface area 87 percent greatcr than the first
three specimens was predicted and it did not scale according to Equation (1) due to a
different total surface area.

A new relationship, based on time dependent weight loss rates is introduced. Thc total
weight loss as in terms of weight loss per unit area is expressed as;

Anllnlul (t) = fA (t)AA B f; (t)A7 (2)

where f, is the time dependent weight loss per unit area of the axial surface area and £,
is the time dependent weight loss per unit area for the transverse surface area. Using this
expression, the weight loss per unit areas f, and f, can be determined using two

specimens with different total surface areas. These weight loss factors are both time and
temperature dependent for a given material system.

To demonstrate the predictive capability of Equation (2), data from Bowlcs et.al.[S] was
used. Bowles et.al. [5] performed an extensive test program to measure the weight loss.
oxidation layer thickness, and shrinkage of T650-35/PMR-15, 8 harness satin weave
composites subjected to a wide range of aging temperatures. They also determined the
effect of aging on the compressive strength of the material. Four specimen geometries
with different 4,/4,,, and A4,/4,,, ratios aged at five different temperatures ranging

from 204°C to 343 °C were examined. The specimen designation used by Bowlcs et.al
and the area fraction ratios are given in Table 2.

Table 2. Specimen configurations from Bowles et.al. [S]

Specimen A/ A A Al A, (mm*)
T-3 0.014355 0.98564 19898.5
T-5 0.028442 0.97156 20385.5
T-12 0.068102 0.93190 21962.8
T-50 0.142571 0.85743 3233.6

For each of the test temperatures, two of the four specimen types were used to calculate
f,and f,. Figures 4 and 5 show the variation of the weight loss factors as a function of
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Figurc 4 The weight loss rate function f, as a function of aging tcmperature

aging temperature. Again, the magnitude of f, is an order of magnitude greater than f,
for all aging temperatures. Additionally, Figure 4 illustrates the increase in the rate of /|

with an increase in aging time. This "apparent’ rate increase may be due to increases in
the actual surface area (due to aging cracks).  Since the oxidation process is typically
diffusion rate limited rather than reaction rate limited. the crack development provides
pathways for oxygen to diffuse deeper into the composite that increases the overall

oxidation rate.

Figure 6 shows the prediction of T-5 weight loss history at 240°C over 25000 hours of

aging time. The T-5 specimen predictions are based onthe functions f, and f,
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Figure 5 Weight loss rate function f7 as a function of aging tcmpcraturc
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Figure 6 Weight loss rate funetions f, and f7 based on T-3 and T-12 speeimen

data used to predict T-5 weight loss history at 204°C for aging times over
25000 hours. Based on experimental data from Bowles et.al. [5].

determined from the T-3 and T-12 specimen data. From Table 2 it can be seen that the T-
3. T-5. and T12 specimens all have similar total surface areas of approximately 20.000
mm?®. There is an excellent correlation of the predicted weight loss of the T-5 specimens
and the predicted weight loss over the entire 25000 hour history. Similarly, Figure 7
shows the prediction of T-5 and T-50 weight loss history at 316°C based on functions
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Figure 7 Weight loss rate functions fA and j, based on T-5 and T-50 speeimen

data used to prediet T-3 and T-12 weight loss history at 316°C for aging
times over 1700 hours. Based on experimental data from Bowles et.al.
(5l
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and f, determined from T-3 and T-12 specimen data. It should be noted that the total
surface area 4,,, of the T-50 specimens is approximatcly 6 times smaller than the T-3

and T-12 specimens. The prediction of weight loss for the T-3 spccimen is excellent for
aging times less than 600 hours and slightly higher than the experimental data for longer
aging times. The weight loss data for the T-12 specimens is not consistent with othcr
weight loss data for short aging time and is not well predicted by Equation (2). However
for long aging times up to 1700 hours, there is excellent agreement between the prcdicted
and measured weight loss data. The newly developed expression shown in Equation (2)
is shown to accurately represent the long-term isothermal weight loss response of both
unidirectional and woven composites. It has yet to be shown if the relationship will work
for multidirectional composites. It represents the first time that thc wcight loss of
specimens with significantly different axial, transverse, and total surfacc areas can be
comparcd.

5.1.3 Accelerated Aging

Accelerated aging methods are needed to evaluate materials which are to be used under
long-term exposure to elevated temperatures in oxidative environments. This work is
conducted to examine the use of elevated pressure in conjunction with a ‘realistic’ use
temperature to accelerate the rate of thermo-oxidative degradation in PMR-15 resin. Neat
resin spccimens are isothermally aged over a range of time periods in a pressure chamber,
with a continuous supply of pressurized air, placed inside an air-circulating oven at an
clevated temperature. Weight loss and volumetric changes are monitorcd as a function of
aging time to quantify thc degradation behavior. Optical microscopy is utilized to
measure the degree and depth of oxidation development and to provide an insight into the
formation and the growth of the oxidative layer. In addition. aged neat resin dogbone
specimens are tested in tension, and their mechanical properties compared. Test data from
this work will be subscquently utilized to link the diffusion-reaction modcls of chemical
and thermo-oxidative degradation with micromechanical analysis and for development of
a constitutive law to predict the behavior of PMR-15 reinforced composites.

Figure 8 shows the evolution of the oxidized layer as a function of aging time for PMR-
|5 specimens aged in air. Within a very short time period of | hr, an oxidized layer 11.0
pum thick forms on the exposed surfaces. The thickness of the oxidized layer for 288°C is
seen to approach a plateau value as the oxidation growth rate reduces considerably for
longer aging times. For the various temperatures, the aging of the specimens was
terminated at the timc surface cracks appeared. After surface crack initiation, the
oxidation layer thickness no longer remains uniform, rather the oxidation progresses
more rapidly into the resin at the crack sites. The time for surface crack initiation
decreased for increasing aging temperature. Although the oxidation layer thickness
appears to approach a plateau for the specimens aged at 316°C and 343°C prior to
cracking, the high temperatures accelerate the crack initiation.

As with the volume change and weight loss measurements, the effect of the ambient
moisturc has a negligible effect on oxidation layer growth as compared to the dry air
aging at 288°C. Since the ambient air aging is much less labor intensive, and thus less
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Figure 8 Influence of (a) temperature and (b) pressure on oxidation layer thickness
in PMR-15 resin as a function of aging time

expensive to conduct than the dry air aging, the ambient air aging is preferablc if the
difference in the two aging conditions can be shown to be negligible. The effect of aging
in PMR-15 neat resin at 0.414 MPa pressure versus ambient air pressure at 288°C is
shown in Figure 8(b). The elevated pressure clearly increases the thickness of the
oxidative layer. Whereas the oxidize layer thickness was similar for all of the aging
temperatures up to approximately 1000 hours as shown in Figure 8(a), the clevated air
pressure (thus increased partial pressure of oxygen) at the specimen surface resulted in a
substantial increase in oxidation layer growth rate.

Figure 9 shows the influence of temperature and pressure on the oxidation layer growth
ratc. Although there is limited data in this region of steep gradients for the growth rate,
thc initial oxidation layer growth rate appears to be equivalent for the three aging
temperatures shown in Figure 9(a). For aging times up to approximately 500 hours. the
growth rate is higher for the higher temperatures. For latter times, the growth rate
appears to approach an asymptote during which the oxygen diffusing to the oxidation
front or transition region decreases due to the oxygen consumption within the oxidation
layer and due to the distance that oxygen must diffuse to reach the transition region. In
the absence of surface cracks, this oxidation process approaches an auto-retardation state
due to the absence of oxygen in the transition region. The pressurization of the air during
aging substantially increases the diffusion rate of the oxygen into the neat resin. Figure
9(b) shows a significantly higher oxidation layer growth rate for the specimens aged at
0.414 MPa air pressure.  Again, the presence of ambient moisture in the air had
negligible effect on the growth rate of the oxidation layer. Since the differences in the
volume changes, weight changes, and oxidation layer thickness for the dry air aging
spccimens and the ambient air aging specimens was nearly equivalent. aging of the dry
air specimens was terminated after approximately 2300 hours. Although, it is well know
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Figure 9 Influence of (a) temperature and (b) pressure on oxidation layer growth
rate in PMR-15 resin as a function of aging time

that PMR-15 is highly susceptible to hydrolytic degradation [6], the ambient lab air did
not appear to contain enough moisture to affect the results of the aging study.

52 Modeling Micro-Structure Evolution in Thermo-Oxidative Environments

In this modeling effort, it is assumed that the transport of the gas within the material is
controlled by Fickian diffusion. The adsorbed oxygen diffuses into the volume and
initiates the reaction of the polymer. The rate of reaction is modeled as a function of both
the oxygen availability (through diffusion) and the polymer availability (tracking end
products of reaction). The oxygen predominately diffuses again (deeper through the
thickness of the polymer) when polymer availability for reaction is restricted.

5.2.1 Sorption and Diffusion Modeling
With C(x.y.z;t) denoting the concentration field at any time within a domain with a

diffusivity of D; and consumptive reaction with a rate R(c), the diffusion reaction with
orthotropic diffusivity is given by Equation (3)

oc (. 9 C 8¢ .. FC) )
~—=|D,,—5+D,, — Dy; — |- R(C) (3)
ot ox’ 3y az

subjected to the boundary conditions,

C = C’ on the exposed boundaries
dC/dt =0 on symmetry boundaries

The boundary sorption on the exposed boundaries is given by Henry's equation




e =5P (4)

where S is the solubility and P is the partial pressure of the oxygen in the environment.
The diffusivities are temperature dependent typically given in Arrhenius form:

Dj = Dy exp(-E./RT) (3)

and determined using permeability tests at lower temperatures to determine the pre-
exponent (Do) and the activation energy parameters (E,). Table 3 shows the values of
these parametcrs for a typical high-temperature polyimide resin as determined in its
virgin state, i.e., unoxidized condition.

Table 3 Constants for evaluating diffusivity of polyimide resin

Unoxidized, ¢=1 I
(Abdeljaoued, 1999)

Do 6.10 e-11m?/sec
E, -19700 J/mol
R 8.31447 J/(mol °K)

5.2.1.1 Heterogeneity in Diffusivity

Thermo-oxidative aging of the polymeric material will change the chemical composition
of the polymer and hence the physical properties of the material. Therefore, any part of
the polymer subjected to thermo-oxidation will invariably contain multiple material
phases - namcly, the unoxidized or virgin polymer, the active reaction zone (whcre a mix
of oxidized and unoxidized polymers exists) and an oxidized polymer phase. In gencral,
the diffusivities for each of these phases will be different, while the diffusivity of the
oxidized polymer layer is the controlling parameter as the diffusion of oxygen through
the oxidized layer is the source of oxygen supply to the unoxidized layer. In this work
several simulations of oxidation layer growth were performed. Initially. for lack of better
information, it was assumed that the diffusivities for the three phases are the same and
equal to the unoxidized value. Later, the case where the diffusivity D;; at a material

location is assumed to be a linear interpolation of the diffusivities of the oxidized and
unoxidized materials, denoted by Dj* and Dji", respectively is considered. For the

remainder of this report, superscripts ox and un will be used with diffusivity valucs
whenever needed for clarity.

5.2.2 Reaction Modeling

The reaction rate term, R(C), in Equation (3). models the reaction of the oxygen with the
polymer. Oxygen can react with the end caps of the polymer and/or the backbone of the
polymer. The reaction modeling presented here assumes that the reaction products (water
and other volatiles) leave the polymer instantaneously and no modeling of the outgassing
is therefore attempted. The reaction rate depends upon temperature and oxyvgen
concentration. While the Arrhenius-type kinetics models are suitable for capturing the
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Figure 10 Typical model of reaction rate dependence on concentration.

temperature, the mechanistic models capture the reaction-rate dependence on the
concentration dependence as well. The mechanistic models typically determine the
reaction rate based on a saturation reaction rate (Ryp) when the reaction is not oxygen
deprived. The reaction rate is reduced when the oxygen availability is reduced, therefore,

R(C) = Ry f(C) (6)

where R, is the saturation reaction rate. The function ff{C) in Equation (6) models the
situation in which the amount of oxygen available for reaction is lower than that required
for the maximum reaction rate reached under saturation conditions. The reduction in
reaction rate can be modeled using Equation (7).

2 [ BC
+pC| 2(1+ pC)

f((~’)=l (7)

Figure 10 shows the dependence of the reaction rate on the concentration as modeled by
Equation (7). The abscissa has a normalized concentration parameter () in which the
parameter, f, nondimensionalizes the concentration field. According to Equation 7. therc
is a rapid acceleration phase (0 < AC <~ 3) and a constant phase (A" > 3). For this
analysis, the simpler, two-phase, reaction rate to concentration dependence is chosen.

The value of S can be determined from weight loss data obtained at two oxygen partial
pressures, typically in pure O, and in air. In order to determine this value, we need weight
loss measurements at two concentrations which translate to the reaction rates at those two
concentration values. Since the weight loss is taken to be proportional to the oxygen
consumption rate, the ratio of the weight loss determined at two concentrations is the
same as R;(C,)/Ry(C,). For example, the ratio of the weight loss between pure O, (C; =
3.74 mol/m3) and air (C1=0.79 mol/m3) is about 0.7. Therefore.
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Solving the equations produces three roots: [-3.5593 ,-0.42657, 0.91947], with only one
physically feasible value for the polyimide resin being 3= 0.919.

5.2.3 Oxidation Layer Growth Modeling

The simulation of the oxidation layer growth requires the specification of the reaction
rate Ry and a mechanism for reaction completion/cessation. Considering that the
oxidation reaction will stop if it is oxygen-starved as modeled by Equation (7). the
reaction will stop when all the active polymer sites are consumed. In the latter case. the
oxygen will again diffuse deeper into the material in favor of the reaction<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>